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Summary
Objective: The orientation of collagen molecules is an important determinant of their functionality in connective tissues. The objective of the
current study is to establish a method to determine the alignment of collagen molecules in histological sections of cartilage by polarized Fourier
transform infrared imaging spectroscopy (FT-IRIS), a method based on molecular vibrations.
Methods: Polarized FT-IRIS data obtained from highly oriented tendon collagen were utilized to calibrate the derived spectral parameters. The
ratio of the integrated areas of the collagen amide I/II absorbances was used as an indicator of collagen orientation. These data were then
applied to FT-IRIS analysis of the orientation of collagen molecules in equine articular cartilage, in equine repair cartilage after microfracture
treatment, and in human osteoarthritic cartilage. Polarized light microscopy (PLM), the most frequently utilized technique to evaluate collagen
ﬁbril orientation in histological sections, was performed on picrosirius red-stained sections for comparison.
Results and conclusion: Thicknesses of each zone of normal equine cartilage (calculated based on differences in collagen orientation) were
equivalent as determined by PLM and FT-IRIS. Comparable outcomes were obtained from the PLM and FT-IRIS analyses of repair and
osteoarthritis tissues, whereby similar zonal variations in collagen orientation were apparent for the two methods. However, the PLM images of
human osteoarthritic cartilage showed less obvious zonal discrimination and orientation compared to the FT-IRIS images, possibly attributable
to the FT-IRIS method detecting molecular orientation changes prior to their manifestation at the microscopic level.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Damage to the collagen network in articular cartilage has
been proposed as an initiating event in the development of
osteoarthritis (OA)1e3. Disruption of the collagen meshwork
will alter the water/proteoglycan (PG) environment in
cartilage matrix, and eventually lead to changes in bio-
mechanical behavior of the tissue4e6. Accordingly, the
ability to monitor changes in collagen architecture and
molecular structure in early stages of OA is critical. The
orientation of the collagen ﬁbrils is a key determinant of their
functionality and has been investigated in many tissues,
including cartilage, using several different modalities.
Techniques to evaluate collagen orientation in intact tissues
have included X-ray diffraction7e9, elastic scattering spec-
troscopy10e12 and magnetic resonance imaging13e15. Eval-
uation of collagen orientation in tissue sections has been
done primarily by polarized light microscopy (PLM) in
a qualitative fashion16e19. More advanced quantitative
PLM methods have also been applied20e23, but generally
require advanced computer-assisted calibrations that may
not be readily available. Although each of these methods
can provide some information on the structure of collagen
ﬁbrils within a tissue, they are also limited by their inability to
evaluate structure at the molecular level, an important
element of early disease diagnosis.
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is a powerful tool to study changes in the structure of
degenerative cartilage. The frequency at which a molecule
absorbs infrared (IR) radiation is sensitive to conformation
and can be used to obtain information on protein secondary
structure, and when polarized, on orientation of speciﬁc
molecular bonds24. Recently, the technique of Fourier
transform infrared imaging spectroscopy (FT-IRIS), which
involves the coupling of an FT-IR spectrometer to a light
microscope, has been used to characterize the structure,
distribution and orientation of extracelluar matrix molecules
in histological sections of connective tissues25e29. With
respect to collagen, the orientation of collagen molecules
has been investigated in a semi-quantitative fashion in bone
and articular cartilage by polarized FT-IRIS27,30,31. This
analysis was based on changes in the integrated areas of
the collagen amide I and amide II vibrations. The alignment
of collagen ﬁbrils in articular cartilage has also been
investigated in a multitude of other studies, with the general
consensus being ﬁbril orientation varies from tangential at
the articular surface, to more random in the midzone, to an
alignment perpendicular to the articular surface in the deep
zone adjacent to the bone7,9,32. Although it was clear from
the FT-IRIS study that the collagen orientation varied
regionally in the cartilage, it was not possible to correlate
the spectral parameters with precise angular orientations of
the molecules due to lack of a calibration standard.
The current study seeks to establish a reliable method
that can be used to determine the alignment of collagen
molecules in cartilage by FT-IRIS more quantitatively. Such
a reference would have the advantage over current
techniques of elucidating changes in collagen orientation050
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prior to obvious changes in ﬁbril orientation. Highly oriented
tendon collagen (type I) was used to calibrate the derived
spectral parameters, and these data were then applied to
FT-IRIS analysis of the orientation of collagen molecules in
three types of cartilage tissue to demonstrate that the FT-
IRIS method of determining collagen orientation is valid in
tissues with different pathologies: normal equine articular
cartilage, a tissue with known zonal variation in collagen
orientation, equine cartilage repair tissue, and human
osteoarthritic tibial plateau cartilage. The results were
further evaluated with PLM for validation, the most
frequently utilized and readily available technique to in-
vestigate collagen ﬁbril orientation in histological sections.
Materials and methods
TENDON COLLAGEN
Tendon was harvested from the left rear knee of a mature
rabbit (part of an IACUC-approved protocol from a separate
experiment) and snap-frozen in water with liquid nitrogen to
retain its orientation. The tissue was cryosectioned at 2-mm
thickness on a cryostat (Bright Instrument Company,
Huntington, England) and was mounted directly onto
a 25! 2 mm BaF2 window for FT-IRIS analysis.
CARTILAGE TISSUES
Three types of cartilage tissue were analyzed: normal
equine cartilage from adult horse femoral condyles, repair
tissue from adult horse femoral condyles 6 months after
a microfracture procedure (these tissues were part of an
IACUC-approved protocol from a separate experiment), and
human tibial plateau cartilage with early (nearly normal) and
advanced OA (harvested during joint replacement surgery
under IRB approval). The equine tissue is part of another
study where a full-thickness chondral defect was created in
the distal lateral trochlea of both stiﬂes (knees). The defect
in each stiﬂe was then treated by a microfracture procedure
and harvested at 6 months post-surgery for examination by
FT-IRIS (and other histological methods that are not part of
this study). Normal equine cartilage spatially distant from
the defect was examined as a control.
Three sections per tissue were examined by FT-IRIS and
PLM. In the Results section, however, we report the direct
comparison of FT-IRIS and PLM data from one section to
demonstrate the range of variation of the measurement
within the individual images. Full-depth cartilage explants
were harvested using a 5-mm diameter biopsy punch. The
explants were ﬁxed with 80% ethanol and 1% cetylpiridi-
niumcholoride, decalciﬁed with 10% ethylenediaminetetra-
acetic acid/Tris buffer, embedded in parafﬁn, and sectioned
at 7-mm thickness perpendicular to the articular surface, and
then mounted onto a BaF2 IR window. The sections were
then deparafﬁnized and rehydrated by washes of xylenes,
100% alcohol, 95% alcohol and 70% alcohol, respectively,
before FT-IRIS analysis was performed.
The histology sections from human tibial plateau samples
were stained with Alcian Blue and H&E and graded
according to Mankin et al.33,34. The histological Mankin
score is the standard grading scheme used for cartilage and
incorporates grading based on structure ﬁssuring, cell
cloning, loss of PG and tidemark integrity, where grade
0 represents normal cartilage and grade 14 represents
severely degenerated cartilage. Two investigators evaluatedrandomized and blind-coded samples independently, and
the ﬁnal Mankin score was calculated as a mean of the two
evaluation results.
FT-IRIS ANALYSIS
FT-IRIS data were acquired from the tendon at 8 cm1
spectral resolution using a Spectrum SpotLight FT-IR
Imaging system (PerkineElmer, Bucks, UK) with a polarizer
inserted in the light path. Amide I/II ratios were calculated
from the total 315 spectral pixels per FT-IRIS image by
rotating the sample (IR polarizer kept at 0() or the IR
polarizer at angles 0(, 50(, and 90(, respectively. The
comparison of the ratios conﬁrmed that data collection by
rotating the polarizer were equivalent to rotating the tendon
while keeping the polarizer at a set angle (Table I). In the full
study, for these sets of experiments we chose to rotate the
polarizer instead of rotate the tissue sample to ensure the
same tissue region was consistently sampled. The angle of
polarization (q) was varied from 0( to 180( in 5( increments
in the 0e20( and 80e105( regions, and in 15( increments
from 20( to 80( and 110( to 180( regions. An angle of
qZ 0( was deﬁned as the polarization axis of the IR beam
perpendicular to the tendon long axis in the plane of the
tendon (z-axis direction), and qZ 90( was deﬁned as the
polarization axis of the IR beam being parallel to the tendon
long axis (x-axis direction) (Fig. 1). It was also assumed that
the axis of orientation of the tendon collagen ﬁbrils was
parallel to that of the tendon long axis, and this was
conﬁrmed by light microscopy (Fig. 2). In total, 315 IR
spectra were acquired from a region 156 mm! 80 mm in
size at 6.25-mm spatial resolution for the tendon collagen
sample at each polarization angle. Regions with no obvious
crimping of the collagen ﬁbrils were chosen for data
collection. ISys software (Spectral Dimensions, Olney,
MD) was used to create FT-IR images based on the
integrated areas of the collagen amide I and amide II IR
absorbances, and on the ratio of their areas, amide I/II.
These values were then plotted against polarization angle.
Previously, the IR parameter of amide I/II integrated area
ratio has been reported as a qualitative indicator of protein
orientation in polarization experiments27,35. It has also been
reported that the amide I and amide II molecular vibrations
exhibit dichroism perpendicular (z-axis direction) and
parallel (x-axis) to the collagen molecule triple helix axis,
respectively36, although the precise transition moments (M )
of these vibrations are still under investigation37,38. Using
this assumption, we would expect the highest amide I/II
area ratio value to occur when the IR radiation is polarized
in the z-axis direction (perpendicular to the ﬁbril axis,
qZ 0(), and the lowest value to occur for IR radiation
polarized in the x-axis direction (parallel to the ﬁbril axis,
Table I
Comparison of FT-IRIS derived amide I/II values for sample rotation
vs polarizer rotation
Rotation angle
(degree)
Amide I/II (meanG standard deviation)*
Sample rotation Polarizer rotation
0 4.0G 0.42 4.1G 0.49
50 2.1G 0.29 2.3G 0.40
90 0.89G 0.11 1.1G 0.20
*NZ 315 spectra per angle. There were no signiﬁcant differ-
ences in the amide I/II ratios obtained by sample rotation vs
polarizer rotation at any angle.
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I/II area ratio were determined from the total spectral pixels
in the images (315 pixels/image).
For validation of this method on cartilage samples, 30,300
IR spectra were collected across the cartilage section with
the IR radiation polarized at one angle, in the z-axis
direction, qZ 0(, perpendicular to articular surface. Using
this method whereby only one polarization angle is
investigated, changes in the collagen ﬁbril orientation will
be reﬂected as changes in the amide I/II area ratio. In this
case, the highest amide I/II ratios correspond to ﬁbril
orientation parallel to the articular surface and the lowest
amide I/II ratios correspond to ﬁbril orientation perpendicular
to the articular surface. The corresponding polarized FT-IR
images therefore will display information on the distribution
of collagen ﬁbril orientation from the cartilage superﬁcial
zone down to the deep zone with 6.25-mm spatial resolution.
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Fig. 1. Schematic of the collagen ﬁbril and the incidental polarized
light (E, q degrees) absorbed by the amide group. The transition
moment of the amide I vibration (M ) is at an angle of approximately
0( with the ﬁbril orientation normal (a). q: Angle of polarization; a:
angle between amide I transition moment and ﬁber orientation
normal; z-axis: qZ 0(; x-axis: qZ 90(.
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Fig. 2. A light microscopic view of a picrosirius red-stained tendon
section (450! magniﬁcation, scale barZ 50mm). Crimping of the
collagen ﬁbrils is apparent (c), but the overall axis of orientation of the
tendon collagen ﬁbrils is parallel to that of the tendon. Regions with
no obvious crimping were chosen for FT-IRIS data collection (n).PLM STUDIES
For PLM studies, 7-mm-thick histologic sections from the
same tissues as those used for FT-IRIS were placed onto
microscopy slides and stained with picrosirius red, which
stains collagen types I, II and III17,18. Two cross polarizers
were used such that highly ordered collagen perpendicular
to the articular surface appeared bright or red, while
collagen that is not ordered (non-birefringent) appears
darkest. The contrast of ﬁbrils oriented more parallel to
the articular surface was darker than for collagen perpen-
dicular to the articular surface. Microscopic images were
acquired through a Nikon digital camera using BioQuant
Nova software (Version 5.00.8 MR, R & M Biometrics, TN).
The thickness of the cartilage zones was measured from
eight positions for each tissue based on differences in
contrast of the polarized image. Each sample was in-
dependently examined by two experienced PLM users to
reduce the bias in assigning zone division lines. Statistical
analyses to compare the zonal thickness measurements
between PLM and FT-IRIS were done by paired t test
(SigmaStat software, SPSS Inc., Chicago, IL). Values were
considered signiﬁcantly different at P! 0.05.
Results
Figure 3 shows typical IR spectra obtained from tendon
with radiation non-polarized (A), with radiation polarized at
qZ 90( (B), and qZ 0( (C). The integrated areas under
the collagen amide I and amide II IR absorbances and the
peak area ratio of amide I/II were plotted against q, the
angle between the collagen ﬁbril axis normal direction and
the axis of IR polarization (Fig. 4). A sinusoidal variation
was observed for both the amide I and amide II peak areas,
and, as expected based on their dichroism, the peaks were
out of phase by w90(. For an angle of q between 0( and
20(, the amide I area was maximal and the amide II area
was minimal. The amide I/II peak ratio also varied
sinusoidally, with the magnitude of amide I/II ratio ranging
from 4.1 to 0.9, with the maximum occurring at wqZ 15(,
and the minimum occurring atwqZ 100(. Since there was
overlap in the range of the mean values of the amide I/II
ratio for different angles, the data were grouped into three
categories of orientation: an amide I/II value of R2.7 was
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Fig. 3. A typical IR spectrum of tendon obtained with radiation non-
polarized (A), with radiation polarized at qZ 90( (B), and qZ 0(
(C). Difference was observed in the intensity of amide I, amide II
and amide III. Changes in the ratio of the integrated areas of the
amide I and amide II absorbance bands are apparent with polarized
radiation.
1053Osteoarthritis and Cartilage Vol. 13, No. 12considered to reﬂect q along the ﬁbril axis normal (z-axis),
a ratio of 2.7:1.7 was considered to reﬂect q midway
between the ﬁbril axis normal and the ﬁbril axis, and amide
I/II values %1.7 were considered to reﬂect q along the ﬁbril
axis direction (x-axis). The two cut-off limits 1.7 and 2.7
were determined to give the best agreement between the
PLM and FT-IRIS after careful examination of several
samples. Without a polarizer, the tendon amide I/II ratio was
1.8G 0.09, which is comparable to q midway between the
ﬁbril axis normal and the ﬁbril axis. To conﬁrm that there
were no polarization artifacts inherent in the imaging
system, the tendon sample was imaged in the absence
of polarizer at orientations parallel, 45( and perpendicular
to the x-axis. No differences in the amide I/II ratio were
observed for these three sets of spectra.
Normal equine articular cartilage was investigated by
polarized FT-IRIS to validate the above results as a
A)  Amide I Area
A
m
i
d
e
 
I
 
I
n
t
e
g
r
a
t
e
d
 
A
r
e
a
20
30
40
50
60
B) Amide II Area
A
m
i
d
e
 
I
I
 
I
n
t
e
g
r
a
t
e
d
 
A
r
e
a
10
15
20
25
C) Amide I/II Area Ratio
Angle of Polarization, Degree
0 20 40 60 80 100 120 140 160 180
A
m
i
d
e
 
I
/
I
I
 
A
r
e
a
 
R
a
t
i
o
1
2
3
4
Fig. 4. Integrated peak areas of the amide I (A) and amide II (B) IR
absorbances from tendon collagen and their area ratio amide I/II
(C) vs the angle of polarization. Values shown are meanG stan-
dard deviations from a total of 315 image pixels in the IR image.semi-quantitative method for determination of collagen
orientation. Figure 5 shows a polarized light image (left)
and a polarized FT-IRIS image (right) based on the amide I/
II ratio with polarized IR radiation at qZ 0(. As indicated by
the color scale, red and dark blue indicate the highest and
lowest integrated area ratios, which correspond to collagen
ﬁbril orientation parallel and perpendicular to the articular
surface, respectively. The boundaries of the cartilage zones
were also calculated based on FT-IRIS determined collagen
orientation, such that the superﬁcial zone spanned the
regions of the image with an amide I/II ratio R2.7, the deep
zone spanned regions with an amide I/II ratio%1.7, and the
middle zone spanned the region between these two, with
amide I/II ratios between 2.7 and 1.7. The zonal boundaries
were correlated with boundaries that had been calculated
by PLM. The thicknesses of the highly oriented superﬁcial
zone, deep zone, and the random midzones were
88G 9 mm, 645G 28 mm, 1231G 56 mm as measured from
the PLM images, and were calculated as 83G 8 mm,
693G 29 mm, 1236G 21 mm as determined by the polar-
ized FT-IRIS images, respectively. There were no signiﬁ-
cant differences between thickness determinations of any of
the three regions by FT-IRIS and PLM.
Figure 6 shows the application of the current method to
repair tissue from microfracture treatment of equine cartilage.
Collagen ﬁbril orientation in the repair tissue was compared
with the adjacent normal cartilage. Three zones are evident
on the polarized FT-IR image [Fig. 6(B)] of adjacent normal
cartilage, while most of the repair tissue shows a random
collagen ﬁbril orientation. However, there were regions (* in
image) that show ﬁbrils perpendicular to the articular surface.
When observed with PLM [Fig. 6(C)], the repair tissue shows
similar features, including an overall random orientation, but
birefringence is also present (*) in regions analogous to
those in the FT-IRIS image.
PLM and FT-IRIS images of normal and osteoarthritic
tibial plateau cartilage are shown in Fig. 7. In nearly normal
tibial plateau cartilage (Mankin grade 3), the FT-IRIS-
determined boundaries between the cartilage superﬁcial
and middle zones, and between the middle zone and the
deep zone were similar to the PLM-determined boundaries,
and were obvious in both images based on differences in
contrast (PLM) and quantitative color scale (FT-IRIS). In the
osteoarthritic cartilage (Mankin grade 10), however, the
zonal boundaries and orientation were not as obvious, in
particular for the PLM image. The PLM image was dark
overall, with small patches of birefringence scattered
throughout the tissue, and some on the articular surface.
In addition, it was not possible to determine in which
direction the collagen ﬁbrils were oriented, only that some
orientation was present. More advanced, computer-assis-
ted quantitative PLM methods would have to be utilized to
get further information on the orientation20e23,39. In contrast,
the information in the FT-IRIS image permitted determina-
tion of collagen molecule orientation as either parallel or
perpendicular to the articular surface, and also allowed for
a clearer demarcation of the cartilage zones based on ﬁbril
orientation. This is possibly attributable to the FT-IRIS
method detecting molecular orientation changes prior to
their manifestation at the microscopic level.
Discussion
Orientation of collagen ﬁbrils in articular cartilage is an
important determinant of tissue integrity and function. The
current study demonstrates a novel semi-quantitative
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Fig. 5. A typical PLM image (left) and the corresponding polarized FT-IRIS image (right) created from the amide I/II area ratio from equine
articular cartilage. The dashed line shows the boundaries between the cartilage superﬁcial and midzone, and between the midzone and the
deep zone, as determined by the amide I/II values. The color scale shows the amide I/II values and the corresponding collagen ﬁbril orientation
from the FT-IRIS image. In the PLM image, highly ordered collagen perpendicular to the articular surface appears bright, while collagen that is
not ordered appears dark.spectroscopic method to evaluate collagen ﬁbril orientation
in histological sections while eliminating the requirement for
special stains or evaluations at several different polarization
angles. Moreover, collection of FT-IRIS polarization images
can be carried out rapidly, in less than 10 min typically,
depending on image size. Thus, this method presents
a clear advance over traditional PLM determination of
collagen ﬁbril orientation.
Historically, the IR dichroic ratio of amide vibrations, R,
has been used as an indicator of orientation of the
secondary structure of proteins and peptides. R is deﬁned
as the ratio of absorbance for one component under parallel
polarized light (Ak) and perpendicular polarized light (A’).
Therefore, IR spectra had to be collected using two
polarizations, or by rotating the sample at orthogonal angles
under one polarization. For FT-IRIS analysis, the use of two
sets of imaging data to obtain orientation information can be
problematic for two reasons. First, rotation of the sample
stage can change the area under detection, thus creating
inaccurate ratio images. Second, the very large image ﬁles
can be burdensome to manipulate as ratios. The method
outlined in the current study is a convenient alternative to
evaluate the orientation of collagen, and possibly other
proteins as well, in FT-IRIS studies.
Another alternate method for obtaining orientation in-
formation is to ratio the peak areas under speciﬁc well-
separated amide absorbance components whose transition
moments are perpendicular and parallel to the protein
molecular axis36,37. In the case of FT-IRIS of collagen,
however, it is difﬁcult to separate such components
because of their overlap in frequency and the limitation in
spectral resolution. Therefore, although there is no consen-
sus as to the precise direction of the transition moments of
the amide I and amide II vibrations in collagen40e42, the
observation that the amide I and amide II bands of collagen
exhibit roughly perpendicular and parallel dichroism to the
ﬁber axis was consistent with the individual peak area
intensity changes of the amide I and amide II absorbanceswith the angle of polarization in this study, and enabled the
use of this parameter as an indicator of ﬁbril orientation.
This simpliﬁed data analysis, however, results in the
occurrence of the maximum and minimum amide I/II ratio
at 15( and 100( instead of at 0( and 90(, respectively.
PLM has been widely used to monitor birefringence of
anisotropic materials such as collagen in tissues16,39. This
technique is very useful for comparison of the degree of
orientation in different specimens and for detection of
changes in the orientation of collagen ﬁbers, but there are
several limitations. One complication in the PLM application
is that the preparation of histological sections can have
a strong impact on the quantitative analysis of orientation. In
articular cartilage, it is very important to align the cutting
plane of the sections with the split lines of the articular
cartilage surface to obtain correct birefringence measure-
ments speciﬁc to the orientation of collagen20. In spite of
accurate alignment, interference from glycosaminoglycans
(GAGs) or other molecules could still result in birefringence
measurements non-speciﬁc to the desired histological
plane of the tissue. For example, there could be molecular
orientation not only within the plane, but also perpendicular
to the section plane, dependent on section thickness and on
the transmission axis of the polarizer, e.g., transverse or
parallel23. In addition, staining, if used to enhance matrix
contrast, may not be uniform section to section, and
therefore it is difﬁcult to have a uniform calibration based
on contrast alone. In the FT-IRIS measurement, however,
the sections are unstained, and the use of a ratio of two
absorbance band areas eliminates any artifacts due to
differences in section thickness.
Notwithstanding the strengths of the proposed method,
there are also certain factors that could complicate the use
of the FT-IRIS orientation determination, including the
presence of system polarization artifacts. Coats et al.35
reported polarization artifacts for the IR beam on their
microscope system. The amide I/II ratios of anisotropic
materials were observed to vary with sample orientation in
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Fig. 6. Light microscopic view of unstained section (A), polarized FT-IRIS image (B) and PLM image (C) of repair tissue from microfracture
treatment of equine cartilage and the adjacent normal cartilage. The color scale shows the amide I/II values and the corresponding collagen
ﬁbril orientation with respect to articular surface for the polarized FT-IRIS image. In the PLM image, highly ordered collagen appears bright,
while collagen that is not ordered appears dark. Stars (*) in the FT-IRIS and PLM images label the region that show ﬁbrils perpendicular to the
articular surface.the absence of a polarizer because of the partially polarized
nature of the IR beam. Similar experiments were conducted
on the system used in this study, and no such variations
were observed. Another possible limitation relates to the
fact that the tendon collagen used for calibration in this
study is type I collagen, while in cartilage the majority of the
collagen is type II. Although the amino acid composition of
these two types of collagen differs, with type I collagen
having a lesser degree of hydroxylation and glycosyla-
tion42e44, they are both triple helical and have almost
indistinguishable IR spectra. Thus, the application of the
current result to cartilage structure analysis is based on the
assumption that IR spectral determination of orientation ofboth types of collagen would also show very minor
differences.
The presence of PGs (GAGs) in cartilage could also
complicate the proposed analysis. The IR spectra of PGs
show absorbances in the amide I and amide II regions
(1490e1700 cm1), in addition to the lower frequency
absorbances that arise from the sulfated sugar moieties27.
For the current study, an estimate of the contribution of the
PG content in these tissues was done by calculation of the
ratio of the PG sugar absorbance to the amide I absorbance
as previously described27. The average ratio was
0.166G 0.022, a value equivalent to less than 5% of the
tissue dry weight, and therefore unlikely to contribute to
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Fig. 7. Polarized FT-IRIS (left column) and PLM (right column) images of normal and osteoarthritic tibial plateau cartilage. The dashed line
shows the boundaries between the cartilage superﬁcial and midzone, and between the midzone and the deep zone, as determined by the
amide I/II values. The color scale shows the amide I/II values and the corresponding collagen ﬁbril orientation with respect to articular surface
from the FT-IRIS image. In the PLM image, highly ordered collagen appears bright, while collagen that is not ordered appears dark.inaccuracies in the orientation factor. However, in a tissue
with larger amounts of PG or other IR-active substances in
the amide region, spectral preprocessing to subtract the
interfering substance should be undertaken to compensate
for the absorbance effect. Alternatively, biochemical extrac-
tion of an interfering substance such as PGs is possible, but
the effect this process may have on collagen orientation is
not known.
Even with the potential limitations of the FT-IRIS analysis,
the proposed method establishes a widely applicable,
straightforward quantitative standard for the measurement
of collagen orientation in thin tissue sections. As collagen is
found throughout connective tissues such as bone,
cartilage, tendon and skin, this method could be valuable
for analyzing structural and molecular changes in collagen
in normal and pathological states of all of these tissues. In
the case of OA, it is known that the alignment of collagen
ﬁbrils is altered as the collagen network in cartilage breaks
down1,45. Changes in the zonal orientation of collagen ﬁbrils
appear to reﬂect disease severity, as collagen becomes
more disorganized with progressive OA46e48. However, this
morphology change is not typically observed until later
stages of the disease49. With the new methodology
presented here, which monitors orientation based on
molecular vibrations, it is conceivable that we could detect
pathological structural change in earlier stages of disease.
For the OA tissues examined in the current study,
signiﬁcantly more quantitative information on collagen
orientation was extracted from the FT-IRIS image compared
to the image obtained using traditional PLM methods,
including identiﬁcation of small differences in collagen
orientation in each zone. Similarly for evaluation of the
repair tissue, the FT-IRIS image permits detection of not
only the presence of collagen orientation in micron regions,
but of the speciﬁc direction of orientation.
Overall, FT-IRIS has been shown to be a powerful tool to
characterize the collagenmolecular organization quantitativelywith the novel method proposed in the current study. This
technique, in combination with other previously demonstrated
FT-IRIS-determined parameters of collagen quantity and
integrity27,50, has the potential to facilitate characterization of
cartilage degenerative and repair tissue, as well characteriza-
tion of other tissues with collagen pathology.
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